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Assessment of the applicability and accuracy of

biological changes induced by ionizing radiation to

determine which (alone or in combination) will

quickly provide the best evaluation of actual dam-

age sustained by individuals will enable medical

officers to choose the most appropriate treatment at

the earliest time. This ability will enhance recovery,

operational effectiveness, and survivability. This

assessment has been the focus of the Biological/

Clinical Indicators Subgroup of NATO RSG.23/

Panel VIII.

An overview of biological and biophysical tech-

niques to assess radiation exposure has recently

been published by Greenstock and Trivedi [1] and

is discussed elsewhere. The NATO subgroup’s pro-

gram examines the developments of several indica-

tors. It should be noted that parameters which have

been under study previously, and which might be

useful as biological indicators are not applied any

longer (e.g., monoamineoxidase activity decrease

in serum, prostaglandin release (urine), volatile ex-

haled hydrocarbons, and histamine release).

Research on biological indicators has been concen-

trated on whole-body irradiation and partial-body

(heterogeneous) irradiation. For whole-body irra-

diation, the hematological parameters include: a)

changes in cell populations, b) effect of dextran sul-

fate, and c) immune cell abnormalities. The cyto-

logical parameters include: a) micronuclei, chromo-

somal aberrations (dicentrics), and b) extra chro-

mosomal breaks as detected after premature

chromosome condensation. The detection of DNA

damage after whole-body irradiation has involved

the immunochemical detection of radiation-induced

DNA breaks in peripheral white blood cells.

The biological indicator to determine partial-body

(heterogeneous) irradiation has relied on the dose-

dependent decrease in the nuclear area in skin kera-

tinocytes.

Whole-Body Irradiation

Dextran Sulfate Mobilized Reserve Cells. Biologi-

cal dosimetry can be based on the decrease in the ca-

pacity of dextran sulfate to mobilize reserve cells in

the peripheral blood. So far these observations have

been made only in mice. Human reserve cells can

also be mobilized by dextran sulfate. A radiation

dose dependence in humans has not been studied as

yet.

Immunological-Sensitivity Score. Combining

the decrease of subsets of B-lymphocytes and T-sup-

pressor cells post-irradiation, and comparing this to

the respiratory burst response before irradiation,

will indicate individual radiobiological response to ir-

radiation and eventual outcome (prognosis).

Micronucleus System. The micronucleus system

shows promise. Practical application on a large num-

ber of samples within a short time frame (hours) is

problematic. Literature data indicate that micronu-

clei in white blood cells show a large inter- and

intra-individual variation in both background levels

and radiosensitivity. This results in the problematic

detection of radiation doses smaller than 0.2 Gy, and

an uncertainty in the detection of a radiation dose of

at least 40%. Recent results suggest that at least in

cultured exponentially growing cells, the sum of the

number of cells containing micronuclei plus the

number of apoptotic cells is a better parameter for
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determining radiation dose than counting micronu-

clei alone.

Detection of DNA Damage. Currently, the immu-

nochemical detection of DNA damage appears to

be a method that can be applied under simple condi-

tions, provided the required instruments are present

[2]. It is a simple, fast immunochemical assay which

can be carried out on whole blood and gives results

concerning radiation dose within 1.5 hours after

blood sampling (finger puncture or arm puncture).

In addition, several samples can be analyzed simul-

taneously. A dose-dependent increase of single-

strandedness in the DNA of irradiated human white

blood cells (in vivo and in vitro) is observed. Imme-

diately after irradiation, 0.2 Gy is the lower detec-

tion limit. As a result of fast repair, 1 hour after

exposure the lower detection limit will be about 2

Gy. Analysis can be carried out for up to 6 hours

after exposure if blood is collected in a repair in-

hibiting solution at ambient temperature within 1

hour after exposure.

In an intercomparison dosimetry project also in-

tended for calibration of physical dosimeters, this

biological method was tested after blood was ex-

posed in a realistic radiation field. Moreover, the

assay can be set up quickly and carried out suc-

cessfully in a more simple environment. For the

further validation of this method, inter- and intra-

individual variation still has to be studied, both

after in vitro and in vivo irradiation of human

blood.

Chromosomal Aberrations. Cytological dosimetry

appeared to be a valuable supplement to physical

dosimetry in the case of inadvertent radiation ex-

posures. Cytological analysis of peripheral blood

lymphocytes is preferred since these have the ad-

vantage of being easily obtainable and changes in-

duced by irradiation are of the chromosome type,

involving both chromatids equally. Structural chro-

mosomal aberrations are induced in vitro and in

vivo to approximately the same extent; therefore,

reference dose-effect calibration curves can be eas-

ily examined for different radiation qualities. The

induced aberrations can be examined for a long

time after radiation exposure since the half-life of

the blood lymphocytes is approximately 3 years.

Inter-individual variations in the background lev-

els of unexposed samples render estimates below

0.05 Gy almost unattainable with any realistic de-

gree of reproducibility. The main difficulty in us-

ing aberrations is the great labor needed to get

reasonable confidence limits on the results. In ad-

dition, data are available only 2–3 days after blood

sampling. Important progress has been made mak-

ing use of premature chromosome condensation

[3], hybridization probes and automation, i.e.,

making use of a metaphase-finder. Nevertheless,

analysis of more than five samples a day is still

problematic.

Partial-Body (Heterogeneous)
Irradiation

A dose-dependent decrease of nuclear area (1-6 Gy)

in human skin was observed at 24 hours both after in

vivo and after ex vivo exposure. The same results

were obtained after in vivo exposure of primate

skin. This procedure is time consuming but can be

conducted in a routine laboratory if the apparatus is

present.

Combined Injuries, i.e., Irradiation
With Other Injuries (e.g., Burns,
Wounds)

Combined injuries represent a significant compli-

cation that must also be considered to achieve an

accurate assessment of injury. Because biological

indicators of radiation alone are still being devel-

oped, the presence of other injuries and stressors

are complicating factors which remain to be

studied.

Collaboration Between Dosimetrists
and Biologists

Research collaboration between dosimetrists and

biologists is indispensable to successfully establish

and predict the value of measured doses. The objec-

tive is to determine quantitative links between physi-

cal dosimetry and specific biological damage which

in turn determines an individual’s acute or late
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radiobiological response. It could be demonstrated

that DNA damage in irradiated blood samples can

correlate with physical dose both for neutron and

gamma irradiations. This could also be demon-

strated with respect to the induction of micronuclei

and chromosomal aberrations.

Conclusions and Recommendations

For medical assessment, medical staff use various

clinical indicators for determining the severity of

injury both from radiation and other sources. Advice

on these assessments, particularly for the radia-

tion-exposure patient with other injuries and espe-

cially burns, is required. It is important to achieve a

high degree of automation with multi-parametric

analysis in any biological “dosimetry” system. This

high degree of automation has been met in the

development of the immunochemical assay for

the detection of DNA damage, leading to much

progress in the measurement of chromosomal

aberrations.

The validation of the developed methods and

their application for determining radiation expo-

sure under field conditions has been an important

goal, now realized. This would not have been pos-

sible without the cooperation and pooling of

resources of the participating NATO defense

laboratories.

Currently, there is no biological indicator available

which can accurately detect low-level radiation ex-

posure in personnel (between 0.05–70 cGy). As can

be derived from mutation-induction-studies, an ac-

cumulated dose of only 0.05 Gy will result in a

25% increase of single-exon deletions. To detect

this increase, single-exon deletion mutants must

be detectable in an environment of 106 unmodified

cells.

A modified PCR-amplification method in which

the DNA fragment containing the deletion is am-

plified may provide the required sensitivity. In

preliminary experiments we could already detect

plasmids containing a 160-bp deletion among a

106-fold extent of plasmids not containing the

deletion.
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Abstract

Experimental evidence indicates that radiation-

induced apoptosis in human lymphocytes has the

kinetics, sensitivity, and reproducibility to be a po-

tential biological dosimeter. Human lymphocytes

were irradiated in culture and two assays were

used to measure the frequency of radiation-induced

apoptosis: in situ terminal deoxynucleotidyl trans-

ferase (TdT) assay and fluorescence analysis of

DNA unwinding (FADU) assay. Induction of apop-

tosis in lymphocytes irradiated in vitro was propor-

tional to dose and could be detected following

exposures as low as 0.05 Gy. Lymphocytes from in-

dividual donors had reproducible dose responses.

There was, however, variation between donors. A

prior exposure of lymphocytes to small doses of
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radiation sensitized cells to a subsequent radiation

exposure. Hyperthermia initially sensitized then

conferred resistance to radiation-induced apoptosis

in lymphocytes.

The in vivo rate of appearance and longevity of

radiation-induced apoptosis in human lymphocytes

is unknown. We have determined, however, that

mouse lymphocytes irradiated in vivo have a similar

response to human lymphocytes irradiated in vitro.

Apoptosis in mouse lymphocytes was measured us-

ing the comet assay. It was determined that samples

could be incubated either as isolated lymphocytes

or as whole blood. Preliminary data showed that

apoptosis in lymphocytes could be measured after

whole body irradiation of mice. Radiation-induced

apoptosis was detectable provided lymphocytes were

removed from the body within 1 hour postirradia-

tion. Apoptosis was not detectable when lympho-

cytes were collected 24 hours postirradiation.

In summary, in vitro studies with human lympho-

cytes showed that radiation-induced apoptosis in

lymphocytes was detectable at low doses, repro-

ducible for individual donors, varied between indi-

viduals, and was modified by prior exposures to

radiation and heat. In vivo studies with mice indi-

cated that lymphocyte samples should be collected

soon after whole body irradiation. In conclusion,

we suggest that apoptosis in lymphocytes may be

used to assess individual sensitivity to radiation and

predict the biological consequences of a radiation

exposure.

Introduction

In biological dosimetry it is difficult to measure the

biological damage and the subsequent risks associ-

ated with radiation exposure. Chromosome aberra-

tions and micronucleus formation are classic bio-

logical endpoints that have been used to assess ra-

diation damage to a cell. Alternatively, we present

new evidence indicating that death of white blood

cells (apoptosis) may also be a useful biological in-

dicator of radiation exposure.

Apoptosis is a form of cell death with distinctive

morphological and biochemical characteristics.

Fragmentation of nuclear DNA is one of the bio-

chemical events that occurs in apoptotic cells and

distinguishes them from other cells and other modes

of cell death.We have used three assays to measure

radiation-induced apoptosis in peripheral blood

lymphocytes from humans and mice: the in situ

Terminal Deoxynucleotidyl Transferase (TdT) as-

say, Fluorescence Analysis of DNA Unwinding

(FADU), and the comet assay. Here we report evi-

dence that supports the idea that apoptosis of irra-

diated lymphocytes has potential as a short-term

biological dosimeter, appropriate for accident sce-

narios, and also may be useful to assess individual

radiosensitivity.

Methods

Human Cell Culture and Irradiation. Blood sam-

ples were collected from healthy male volunteers

in heparinized tubes. Lymphocytes were isolated,

washed in Hank’s Solution, and were resuspended

at 4.0 x 105 cells/ml in complete growth medium.

Cells were irradiated at 37°C in culture medium

with either x-rays or 60Co γ-rays. The two assays used

to measure DNA fragmentation associated with

apoptosis in human cells were TdT and FADU [1,2].

Mouse Cell Culture and Irradiation. Male CBA

mice were given 1.5 Gy whole body 60Co γ-rays.

Blood samples (10–20 µl) were obtained by orbital

bleed or tail puncture. The blood was immediately

diluted in 10X complete RPMI media and sealed in

a sterile 1 ml Eppendorf tube. The tube was incu-

bated for 24 hours and then assayed for apoptosis

using the comet assay [3].

Results

Human Lymphocytes Irradiated In Vitro. Human

lymphocytes undergo radiation-induced apoptosis

in a time- and dose-dependent manner. Apoptotic

cells were detectable after 6 hours of incubation fol-

lowing a 10-Gy exposure (fig. 1A). At 24 hours of

incubation doses as low as 1.0 Gy could be detected

above control levels (fig.1B). Radiation-induced

apoptosis seemed to show a linear response up to 10

Gy (fig. 1B).
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Mouse Lymphocytes Irradiated In Vivo and

Incubated In Vitro. Apoptotic lymphocytes could

be detected in whole blood samples after 24 hours

of incubation, provided the blood was removed

from the mouse within 1 hour postirradiation (fig.

1C). Apoptosis was not detectable in lympho-

cytes from blood samples taken 24 hours postirra-

diation (data not shown).

Conclusions

In conclusion, in vitro studies with human lym-

phocytes showed that radiation-induced apopto-

sis in lymphocytes was detectable at low doses,

reproducible for individual donors, varied be-

tween individuals, and was modified by prior ex-

posures to radiation and heat. In vivo studies with

mice indicated that lymphocyte samples should

be collected soon after whole body irradiation.

We propose that apoptosis in lymphocytes may

be used to assess individual sensitivity to radiation

and may predict the biological consequences of a

radiation exposure.
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Halo-Comet Assay
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Abstract

A simple procedure known as the “halo-comet” as-

say offers an accurate determination of changes in

DNA organization (supercoiling) in individual cells;

and the results are known to be equivalent to cell
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Fig. 1. (A) Time dependent appearence of apoptotic human
lymphocytes following in vitro exposure to 3 (l), 6 (�), and 10
(n) Gy of 60Co g-rays. (B) Dose response for radiation-induced
apoptosis in human lymphocytes measured 24 hours after in
vitro exposure. Different symbols represent data from different
donors. Closed symbols indicate the same individual from repeat
experiments. (C) Time dependent appearence of apoptotic
mouse lymphocytes following in vivo irradiation (1.5 Gy 60Co
g-rays) and 24 hours in vitro incubation (control mice [l,n], and
irradiated mice [o,o]).



survival. When x-rays were used, this assay was

sensitive in detecting 0.5 Gy-induced changes of

DNA organization prior to the damage repair,

and 2.0 Gy-induced changes after the damage re-

pair. This assay was also useful for protracted

exposures to x-rays. When the image process-

ing is automated, this assay could be a poten-

tial candidate for a field-capable means of

dose estimation.

Introduction

The “halo-comet” assay is an extensively modified

modern version of the fluorescence “halo” assay.

The “halo” assay was originally described by Vino-

grad et al. [1] and refined by Roti-Roti et al. [2].

This assay quantifies the alterations of DNA or-

ganization (supercoiling) in individual cells; the re-

sults are known to be equivalent to cell survival [3].

Unfortunately, this assay has a limitation in its sen-

sitivity. For example, this assay can detect changes

in DNA organization at radiation doses on the order

of 2 Gy prior to the damage repair [2]. However,

when the damage is repaired, the assay becomes in-

sensitive below 10 Gy [2, 4]. In order to increase the

sensitivity, our laboratory has been involved in the

modification of the “halo” assay, and has estab-

lished the “halo-comet” assay, which can detect

small amounts of damage in DNA organization

even after the process of damage repair.

Materials and Methods

Two different cell lines were used. HL-60 human

lymphoma cells were maintained in RPMI 1640

medium supplemented with 10% fetal bovine se-

rum (GIBCO). MCF-7 human mammary carcinoma

cells were maintained in IMEM medium supple-

mented with 10% fetal bovine serum, 10% HEPES,

and zinc (GIBCO). Both cell lines were exponen-

tially grown at the time of the experiments. A

Seifert x-ray unit (Rich. Seifert & Co.) operated

at 250 kVp, 15 mA with 0.5 mm copper plus 1.0

mm aluminum filtration was used to deliver ra-

diation to the cells at a dose rate of approximately

2 Gy/min.

In order to produce the “halo-comet” structure,

MCF-7 cells were dispersed into single cells with a

trypsin solution. These dispersed MCF-7 cells, or

HL-60 cells in suspension, were resuspended in a

concentration of 105/ml in ice-cold PBS, and mixed

with the same volume of a 2% agarose solution

(Sigma, type I) that was dissolved in PBS and

warmed at 60oC. The mixture was quickly spread

onto a slide glass, allowed to form into a gel (less

than a minute at room temperature), and stored in

ice-cold PBS. Then the cells in the gel were exposed

to a dye-lysis solution: a mixture of 2 mM Tris,

0.5% Triton X-100, 2 M NaCl and 10 mM EDTA

(TTNE) with twice the desired propidium iodide

(PI) concentration. Cell lysis was carried out in the

dark at room temperature, and the lysis time was

15–30 min. Then the gel, after cell lysis, was washed

in distilled water for 1h and subjected to electropho-

resis in a TAE buffer (40 mM Tris, 20 mM acetic

acid, and 5 mM EDTA). The time of electrophoretic

separation was 20–30 min (3V/cm, 17 mA).

To visualize the “halo-comet” structure, the PI-

stained DNA was excited at 545 nm; and the emis-

sion at 580 nm was observed with the aid of a 590

nm barrier filter under a reflected fluorescence mi-

croscope (Olympus, BH-2). The intensity of fluo-

rescence light was enhanced using the Dark Invader

Night Vision System (Meyers & Co. Inc.). The im-

age was stored on video or digitized and processed

with the use of an image processing software, Accu-

ware (Automatic Visual Inspection).

Results and Discussion

In the modification of the existing “halo” assay, we

first tried to produce the “halo” structure in an aga-

rose gel, as opposed to producing it in a buffer so-

lution, as described by Roti-Roti et al. [2]. This at-

tempt was successful. We were able to observe the

“halo” structure in an agarose gel (fig. 2, upper im-

age). Since the structure was formed in an agarose

gel, we tried applying an electric current to the gel,

hoping that the DNA loops would be pulled from

the “halo” structure. Following numerous attempts

using different milliamperes and run times, the

DNA loops were finally pulled toward the cathode.
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The DNA loops were stretched and formed a tail

(fig. 2, middle image). We prefer calling this tailed

structure a “halo-comet” to distinguish it from the

common names previously described as “halo” by

Roti-Roti et al. [2], and “comet” by Olive et al. [5].

This “halo-comet” structure was indeed different

from the alkaline “comet” structure (fig. 2, lower im-

age), which was produced according to Olive et al.

[5]. In the alkaline “comet” structure, there was a

discontinuous distribution of fluorescence intensity

from head to tail (fig. 2, lower image), suggesting

that fragmented DNA strands were separated (tail)

and removed from the nuclear matrix (head). In this

assay, DNA damage (single strand breaks) is quanti-

fied in terms of a “tail-moment,” a product of the

amount of DNA removed from the head and the dis-

tance of migration [5]. In contrast to the “comet”

image, the “halo-comet” image showed a

continuous fluorescence distribution (fig. 2, middle

image), implying that DNA loops were still at-

tached to the nuclear matrix and were stretched

from the matrix by electric charges. Since no head

and tail was distinguishable, it was impractical to

quantify the “halo-comet” image in terms of a

“tail-moment.” Therefore, the longest axis (image

length) or pixel numbers (image area) occupied by

the “halo-comet” image were determined to quan-

tify the damage of DNA organization.

To optimize the assay, the concentration of PI was

varied (0–50 µg/ml). When control (0 Gy) cells were

used, the “halo-comet” structure became larger with

increasing PI concentration. The largest structure

was maintained when the PI was higher than 10

µg/ml. For irradiated (20 Gy) cells, the largest

structure was observed when the PI was higher than

30 µg/ml. Since a maximal difference between the

control and the irradiated cells was observed at 30

µg/ml, this PI concentration was chosen as a stan-

dard. When HL-60 and MCF-7 cells were irradiated

(0–20 Gy) and subjected to the “halo-comet” assay,

the amount of DNA pulled from nucleoids (nuclei

remaining after removal of proteins) increased line-

arly with increasing radiation doses up to 6 Gy (data

are not shown). The sensitivity of the “halo-comet”

assay was found to be far greater than that of the ex-

isting “halo” assay. For instance, the changes in

DNA organization following doses as low as 0.5 Gy

prior to the damage repair were detected by the

“halo-comet” assay, which is a significant advance-

ment over the existing “halo” assay. For the “halo-

comet” assay, differences between the 0 Gy versus

0.5 Gy-induced damage was statistically significant

(p < 0.05, Student-t test), either when analyzed for

image area by 50 samples or when analyzed for im-

age length by 25 samples (data are not shown).

Since the “halo-comet” assay can detect 0.5 Gy-

induced alterations of DNA organization, we at-

tempted the detection of residual alterations of

DNA organization remaining after the repair pro-

cesses. MCF-7 cells were exposed to 0, 2, and 4 Gy

of x-rays and were incubated at 37oC for 30 min.

These cells were then subjected to a gel formation

and to the “halo-comet” assay. The resultant “halo-
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Fig. 2. Comparison of different images of HL-60 cells. The “halo”
image was formed in an agarose gel (top). The “halo” structure
was stretched by electrophoresis to form a “halo-comet” image
(middle). An alkaline “comet” image (bottom) was quite different
from the “halo-comet” image (middle).



comet” images were analyzed in terms of both im-

age length and area; the results are shown in fig. 3.

For both image length and area, a distinction be-

tween the control and 4 Gy-irradiated cells ap-

peared to be clear; so only the paired data sets for 0

versus 2 Gy data were subjected to the Student-t

test. As shown in table 1, the difference between 0

and 2 Gy data was highly significant (p < 0.0004)

with samples as small as 25 for both endpoints. This

sensitivity is superior to the sensitivity of the “halo”

assay, which can only detect a difference between 0

and 10 Gy of DNA damage after the repair pro-

cesses [4]. When HL-60 cells were used, the “halo-

comet” assay was able to detect 2 Gy-induced al-

terations of DNA organization even 1 or 6 days after

the irradiation, as shown in fig. 4, where the end-

point of the assay was image length.

Since residual alterations of DNA organization (2

Gy) remained after repair processes were detectable

(figs. 3 and 4), we attempted to study the effect of a
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Table 1 . Student t-test (p values) for the changes in DNA organi-
zation induced by 0 versus 2 Gy of X-rays. “Halo-comet” assay
was performed after completion of the repair processes.

Sample size Image area Image length

25 0.000024 1.2 x 10-12

50 9.9 x 10-10 < 10-16

100 0.000333 < 10-16
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Fig. 3. Residual damage remained after the repair processes. MCF-7
cells were exposed to x-rays and incubated for 30 min. These cells were
then subjected to the “halo-comet” assay by employing two image
parameters. For each group, 100 images were analyzed.
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Fig. 4. Residual damage remained even after 6 days of recovery.
HL-60 cells were exposed to x-rays and incubated for up to 6
days before the “halo-comet” assay. The image was analyzed in
terms of image length; 100 images were analyzed for each group.



protracted exposure to x-rays. MCF-7 cells were

exposed to daily 2 Gy doses for 3 days (Monday,

Tuesday, and Wednesday). The changes in DNA

organization were determined on the following

Monday. As shown in fig. 5, the amount of damage

increased with increasing number of exposures or

increasing total doses, when determined by image

area. Although the assay was carried out 5 days af-

ter the completion of daily exposures, dose-

dependent alterations of DNA organization were

clearly observed.

As demonstrated in the present report, the “halo-

comet” assay has great potential as a field-capable

means for dose estimation. This assay is based on a

non-radioactive procedure, and is sensitive to 2

Gy-induced genotoxicity. The result of this assay is

known to be equivalent to cell survival [3]. This as-

say can handle a large number of samples simulta-

neously. For example, processing 100 samples may

not be difficult for trained personnel, since four

different samples can be loaded onto a slide glass;

and 25 slides may be loaded for electrophoresis at

the same time. Another advantage is the speed of

the assay. The “halo-comet” images can be pro-

duced in less than 2 h for every set of sample load-

ing. For dose estimation, these produced images

need to be analyzed by using an image processor.

When 100 images for each sample are to be ana-

lyzed, for example, a total of 10,000 images for 100

different samples must be analyzed. Therefore,

automating the image processing is essential to

shorten the time for dose estimations of a large

volume of samples; the overall time required for

dose estimations might depend on the success

of the automation. Many variables that will af-

fect the “halo-comet” assay have not been deter-

mined. Further studies are absolutely necessary

to optimize the assay for a field-means of dose

estimation.
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Abstract

After exposure to ionizing radiation, even at suble-

thal doses, the cellularity and functional capacity of

the immune system is compromised. This leads to

increased susceptibility to disease and infection.

The degree of impairment needs to be assessed. We

have found that flow cytometry (FCA) is poten-

tially one of the fastest, most accurate methods to

achieve this. We have examined alterations in all of

the major splenic and peripheral blood mononu-

clear cell populations in C57BL/6 mice following

whole-body irradiation (0–700 cGy) to determine

which cell populations may play a role in active im-

mune suppression and/or hematopoietic recovery.

A flow cytometric protocol has been established for

the characterization and differentiation of the major

mononuclear cell populations in the mouse spleen

and whole-blood: T lymphocytes (CD4+ and CD8+

cells), B lymphocytes (CD45+), natural killer (NK)

cells, and monocytes/macrophages. Ionizing radia-

tion caused decreased cellularity in both the splenic

and whole-blood cells. In addition, the induction of

apoptosis in the blood cells was assessed by the

measurement of phosphotidylserine with the use of

Annexin V. FCA revealed alterations in the relative

composition of the constituent cell populations fol-

lowing irradiation, reflecting differential radiosen-

sitivity, with selective enrichment of NK cells and

CD4+ T lymphocytes. Enrichment developed and

persisted during the 7-day post-irradiation period.

Some mononuclear cells became activated in a dose

and time-dependent fashion following whole-body

irradiation (WBI), as indicated by expression of

CD71, the transferrin receptor. These cells were

CD34 + and Thy1.2 + but were CD4 - and CD8 -, as

well as CD45R- . The observed increase in NK cells

corresponds to a previously reported increase in

natural suppressor (NS) cells following total-

lymphoid irradiation (TLI). The balance of recovery-

inhibiting NK cells and recovery-enhancing CD4+

T lymphocytes following irradiation may reflect or

influence the degree of hematopoietic recovery,

and may provide an indication of the extent of

damage (biological dosimetry).

Introduction

Exposure to ionizing radiation can render the im-

mune system incompetent due to systemic damage

to the hematopoietic system. The ultimate survival

of an animal following irradiation depends largely

on the recovery of blood-cell formation. The hema-

topoietic capacity of the bone marrow, the organ-

ized lymphoid tissues, and individual small recir-

culating lymphocytes are all exquisitely radiosensi-

tive. Since this system provides for renewal of

mature circulating blood cells, those cells killed by

irradiation or used up performing their functions

will not be replaced until stem-cell recovery occurs.

The recovery requires a sufficient number of sur-

viving endogenous stem cells to proliferate, restore

the stem cell pool, and provide specific progenitor

cells which will differentiate into functionally ma-

ture cells. This process is regulated by a variety of

cytokines which are produced by cells that consti-

tute the hematopoietic microenvironment, includ-

ing stromal elements and monocytoid accessory cells

from peripheral blood [1-3]. The recovery of the he-

matopoietic system in mice given bone marrow trans-

plants has been demonstrated to be enhanced by a

distinct Thy-1+ subpopulation resistant to radiation

and cyclophosphamide [4]. The fact that such cells

appeared to be relatively radioresistant and that a

small population of radioresistant Thy-1+ lympho-

cytes were found to survive in vivo in heavily irradi-

ated animals [5] suggests that these cells may play a

role in facilitating hematopoietic recovery. While

the role of the CD4+ T cell subset in hematoregula-

tion has recently come under investigation [6-8],

the relative radiosensitivities of the CD4 and CD8

subpopulations of T lymphocytes compared to other

mononuclear cell populations have not been well

characterized in vivo after irradiation.

This study was undertaken, using a murine model,

to examine alterations in the major whole blood and
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splenic mononuclear cell populations and their

state of activation following whole-body irradia-

tion (WBI). We employed flow cytometric analysis

(FCA) using monoclonal antibodies to characterize

and differentiate the various cell types by their spe-

cific and unique cell surface markers (CD), includ-

ing CD71, the transferrin receptor [9, 10]. The

induction of apoptosis was also determined by the

measurement of Annexin V binding. The working

hypothesis was that the relative concentration of

certain cells is altered by irradiation, and this leads

to the occurrence of immune system dysfunction or

failure. It is our aim to identify particular alterations

in relative cell number that might correlate with the

dose received, the extent of resultant injury, and the

immune-competent status of the animal.

Materials and Methods

C57BL/6 mice used in this study were female,

weighed 18–20 g, and were obtained from Charles

River (Montreal, Canada). The mice were housed in

cages of five in the animal-care facility at the Uni-

versity of Ottawa, and given Purina Mouse Chow

pellets and acidified water (pH=2.7) ad libitum.

Irradiation of mice was conducted in a 137Cs

GammaCell-40 shielded-drawer radiation source

(Nordion, Kanata, ON, Canada) at a dose rate of

110 cGy/minute.

Whole blood samples were drawn by bleeding

mice from the retro-orbital sinus, and prepared for

flow cytometric analysis (FCA). Blood or spleen

cells were stained with various combinations of

fluorescently-labeled monoclonal antibodies or

Annexin V -FITC and propidium iodide as listed in

table 2. Samples were taken on days 1, 4, and 7 after

exposure to WBI (25 to 700 cGy). Staining of blood

and spleen samples was followed by lysis of con-

taminating erythrocytes and subsequent analysis by

flow cytometry on a Coulter Epics XL flow cy-

tometer (Coulter Electronics, Hialeah, FL).

Cell number was assessed by analysis on a Coulter-

Zm Counter (Coulter Electronics). 20 µl of whole blood

were diluted in 10 ml of Isoton II diluent (Coulter

Electronics), treated with three drops of Zap-o-globin

II (Coulter Electronics) for erythrocyte lysis.

Results

Blood drawn from mice on days 1, 4, or 7 after ex-

posure to 100, 400, or 700 cGy WBI was stained

according to the combinations of mAb in table 2,

in order to identify numbers and percentages

of individual peripheral blood mononuclear cell

populations by flow cytometry. Figure 6 (a and b)
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Table 2. Panel of reagents employed for flow cytometric analysis.

Tube Reagent Cell marker

1 None

2 Isotype controls

3 Thy 1.2-PE
CD4-FITC

T cells and CD4 T
cell subset

4 Thy 1.2-PE
CD8-FITC

T cells and CD8 T
cell subset

5 CD45R-FITC B cell

6 NK 1.1-PE NK cell

7 MAC-FITC Macrophage

8 Annexin V-FITC
Propidium iodide
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1000

100

10

1

0.1

M
N

C
/s

p
le

e
n

(1
0

c
e
lls

/m
l)

6

40

30

20

10

0

M
N

C
/b

lo
o
d

(1
0

c
e
lls

/m
l)

6

0 100 400 700

0 100 400 700

radiation dose (cGy)

day 1

day 4

day 7

A

B
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demonstrates a dose-dependent decline in the total

leukocyte count (splenic or whole blood) with in-

creasing radiation dose.

Figures 7a and 7b show the alterations in the rela-

tive proportions of MNC populations on day 4 after

radiation exposure, for the peripheral blood (PBMC)

and spleen (SMNC), respectively. Clearly, in both

compartments, B lymphocytes exhibit dramatic ra-

diosensitivity; while NK and CD4+ cells demon-

strate marked radioresistance. Other MNC types

appear to show no statistically significant changes

in their relative proportions after radiation exposure.

In figure 8, a population of cells morphologically

distinct from normal blood MNC, as determined by

flow cytometry, appears after radiation exposure.

These cells are more granular than typical lympho-

cytes or monocytes, a feature characteristic of apop-

totic cells. The prevalence of this population of cells

is dose-dependent and declines with time, as shown

in figure 9.

Figure 10 (a and b) demonstrates the radiation and

time dependent Annexin-V response of the lympho-

cyte population. As early as 1 hour postirradiation,

AnnexinV binding was observed with only 25 cGy.

The more granular population observed in figure 9

was 100% for Annexin V and propidium iodide.
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This indicates that these cells were in the apoptotic

or necrotic phase.

Tables 3 and 4 reflect the presence of CD71, the

transferrin receptor; this marker can be found on

cells that are differentiating. CD71 is found on a

small proportion of splenic or peripheral blood

leucocytes (3–4%) from unirradiated mice. All

doses of radiation (100–700 cGy) failed to increase

the percentage of positive cells on day 1 post-WBI.

But higher levels of CD71-expressing cells were

observed at different times and after different expo-

sure doses (table 3). The population expressing the

CD71 molecule was identified as CD34+ or

Thy1.2+. Other markers were also tried but the

CD71 cells were negative for these: CD4, CD8, B-

cell marker CD45R/B220, macrophage marker

F4/80+, and NK1.1 (table 4).

Discussion

Suppressor-cell activation and severe damage to the

bone marrow stem-cell population are two adverse

effects resulting from exposure to ionizing radia-

tion [11-13] which increases susceptibility to op-

portunistic infections. In the present study we have

examined the relative radiosensitivity of SMNC

and PBMC populations following whole-body irra-

diation. Such alterations may be indicative of a role

for a particular subpopulation in active immune

suppression or in hematopoietic recovery, and may

be useful as an early biological marker for severity

of damage to the critical immune system, and thus

as an effective prognostic indicator for triage.

Whole-body irradiation of mice produced an expo-

nential decline in cell survival of splenic cells and

peripheral blood leukocytes in whole blood (fig. 6)

as has been previously demonstrated both in vitro

and in vivo [14]. The relative proportions of the

mononuclear cell subsets in both organs dramatically
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Table 3. Percentage of CD71+ cells after whole body radiation.

Day Control 100 cGy 400 cGy

1 1 3 3

4 3 9 3

7 3 11 2

Table 4. CD71 expression on cell subtypes.

Marker % CD71+

CD34 13

Thy1.2 13

CD4 0

CD8 0

CD45R 0

Macrophage 0

NK1.1 0
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changed (figs. 7a and 7b) and were similarly af-

fected. We examined changes in the major mono-

nuclear cell populations in both organs including B

lymphocytes, the CD4+ and CD8+ subsets of T lym-

phocytes, monocyte/macrophages and natural killer

cells. Although all cell populations declined, they

did so at different rates. In increasing order of ra-

diosensitivity were: NK cells (D0= 4.8Gy + 0.8Gy),

CD4+ T cells (D0= 3.1 + 0.6), CD8+ T cells (D0= 2.2

+ 0.4), monocytes/macrophages (D0= 1.7 + 0.1),

and B cells (D0= 1.5 + 0.1). The natural killer cells

in this study were the most strikingly radioresistant

cell population of the PBMC or SMNC. In control

mice, NK cells made up only a small fraction on the

total population (3%); whereas 7 days after 400 cGy

irradiation, NK cells comprised almost one-quarter

of the total PBMC or SMNC (results not shown).

The relatively high sublethal doses of radiation

used in these studies induced hematopoietic deple-

tion that was followed by vigorous recovery initi-

ated from endogenous stem and progenitor cells

that survived the irradiation [14]. In vitro studies

have demonstrated that different lymphoid subsets

have opposing effects on hematopoietic cell growth

[15,16]. The hematopoietic recovery of an irradi-

ated animal may then be influenced by the propor-

tions of surviving recovery-enhancing and recovery-

inhibiting cell types. T lymphocytes have been

found to consist of two distinct subpopulations: a

radioresistant population which can enhance hema-

topoietic recovery, and a radiosensitive population

which can suppress it [4, 17]. However, the rela-

tionship of such subpopulations to the immuno-

regulatory CD4+ helper and CD8+ suppressor T

lymphocytes has not been determined; but it has

been recently reported that CD4+ cells are stimula-

tors of normal hematopoiesis and recovery follow-

ing whole-body irradiation [7, 18]. The results re-

ported here are in agreement with Williams et al. [7]

in that the murine spleen contains a population of

radioresistant CD4+ T cells. As a result of the ra-

dioresistance of these cells, the spleens of irradiated

mice became proportionately “enriched” with

CD4+ T cells. By 7 days post-700 cGy WBI, CD4+

lymphocytes made up almost 50% of all SMNC, as

compared to only 15% in control mice. The differ-

ing radiosensitivities of CD4+ and CD8+ T lympho-

cytes observed in the spleen are comparable to the

radiosensitivities of the different types of T cells

that exert helper and suppressor effects on hemato-

poietic recovery [17].

The type of cells expressing CD71 was demon-

strated to be CD34+ and Thy1.2+; but they were not

positive for CD4, CD8, CD45R/B220, or NK1.1.

This suggests that CD71 is expressed on early pro-

genitor cells and may be an indicator for early he-

matopoietic activity or possibly dedifferentiation

(reactivation of dormant gene for CD71 expression,

normally only functional during cell differentiation

and development). CD34 and Thy1.2 account for

56% of the CD71 positive cells. The remaining cells

may be other lineage specific cells. The absence of

T cell subset markers (CD4 or CD8) also suggests

that the CD71+ cells are immature T cells that ap-

pear in the periphery after radiation or are somehow

activated (19).

Our findings to date support the hypothesis that the

relative decline in certain immune subpopulations

is indicative of damage to and impairment of the

immune system. For a biological “dosimeter,”

changes in proportion of cell types detected by flow

cytometry represent a rapid way of assessing dam-

age after radiation exposure and may also serve to

assess the effectiveness of radioprotective agents in

animal models or tissue culture.
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Abstract

Cytogenetic-based bioindicator assays can provide

diagnostically important information in forward-field

military environments. In addition to assessing the

effective equivalent biological dose, these assays

provide estimates of the fraction of the body spared

from radiation exposure. Based on its minimal pre-

scoring preparation requirements, the halo-comet

assay was identified as having potential for inclu-

sion in a multi-assay system that can be used in the

forward field. This paper’s objective is to discuss

the potential patient throughput of an automated

halo-comet scoring system optimized for radiation

biodosimetry.

Radiation Biodosimetry Requirements
in the Forward Field

The following considerations were established

to define candidate high-throughput automated cy-

togenetic assay systems relevant to field-level

radiation biodosimetry. Since sample preparation re-

quirements generally limit their echelon I medical

facility utility, cytogenetic-type assays are gener-

ally focused on echelon II and III facilities. These

assays in military scenarios require significant

per patient sampling and also require high patient

throughput for radiation biodosimetry triage. For

processing in the triage mode, 20–50 cells per pa-

tient are required; in the dose assessment mode,

50–300 cells per patient are required. Typical pa-

tient throughput requirements range from 50–500

patients per day. In addition to minimized weight

and footprint requirements, the field system must

be simple to operate by non-specialist personnel.

Table 5 lists the existing cytogenetic assays which

are potential candidates for inclusion in a radiation

biodosimetry multi-assay platform that can be fielded

in echelon II and III medical facilities. Of the assays

listed, the halo-comet assay exhibits both minimal

pre-scoring cell processing properties and has the

signal persistence sufficient to accommodate field

use. The halo-comet assay does not require post-

sampling incubation and is characterized by short

processing time requirements. From a post-

preparation scoring perspective, the comet and

apoptosis assays can be considered as a subset of the

halo-comet assay.

Halo-Comet Scoring

The halo-comet assay is based on nuclear suspen-

sions in contrast to the normal comet assay that uses

whole-cell suspensions. Nucleoid samples are iso-

lated after an interval sufficient to complete early

strand-break repair. At this time point, the halo-comet
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Table 5. Potential biodosimetry cytogenetic assays.

Assay Sample type
Post-sampling

incubation (37°) Processing Persistence

Halo-comet Blood No Short Yes

Comet Blood/tissue No Short No

Apoptosis Blood No Short Yes

Dicentric Lymphocyte Yes (48 hr) Long Yes

PCC/Dicentric Lymphocyte Yes (30 min) Short, complex Yes



assay focuses on persistent DNA conformational

effects, which can be used as a radiation biodosime-

try assay system. The halo-comet assay has the po-

tential to estimate partial-body exposure effects.

The halo-comet assay can also measure cell apopto-

sis, which can be considered a complementary or al-

ternative biodosimetry measure. Most of the DNA

in apoptotic comets moves from the comet’s head

into the tail. The apoptotic cell-tail moment is gen-

erally a factor of 15X to 30X greater than that ex-

hibited by normal cells under standard assay condi-

tions. The cytogenetic halo-comet assay allows

detection of a higher fraction of apoptotic cells at an

earlier time in comparison to flow cytometric

methods.

The halo-comet scoring is the same as that per-

formed for the normal comet assay. The principal

halo-comet scoring measures include: 1) tail length

which measures the distance of DNA migration

from the nucleus, and 2) the tail moment which is

the product of the tail length and the fraction of total

DNA in the tail. The tail moment incorporates both

size of migrating DNA (reflected in the comet tail

length) and the number of fragments (represented

by the intensity of DNA in the tail). Bivariate

analysis using both DNA damage and DNA content

is used to define subtle changes in response to vari-

ous treatments in cells within the cell cycle.

Automated Halo-Comet Analysis
System Design

The automated halo-comet cytogenetic system

has been designed around existing hardware. The

rapid automated cell-finding capability incorpo-

rated into the present design is based on the expe-

rience gained from developments and improve-

ments of the automated metaphase finder, cur-

rently in service in the AFRRI Biodosimetry Labo-

ratory (fig. 11). A cartridge-type slide container

which can serve as a basis for slide preparation is
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A. Automated Metaphase Finder

C. Satellite Scoring Station

B. Robot Slide Delivery Module

D. Advanced Cytogenetic Automated
Analysis System

Focus
Pentium class, PCI bus

Closed-loop
Servo-system

(No x,y,z motor
control)

Color camera

Color camera

Microscope

120-slide cartridge
Motorized
single slide stage

Slide grip mechanism

Delivery mechanism

Fig. 11. Available hardware for cytogenetic assay automation. The automated halo-comet assay is based on modifications to the existing
automated cytogenetic assay designed for Metaphase spread finding and analysis. The LAI Automated Metafind System (A) typifies the
current state of cytogenetic assay automation. Important enabling extensions to this technology include an automated robotic slide
delivery module (B) and stand-alone satellite scoring stations (C) that increase assay scoring throughput. An advanced system
configured for use in the pharmaceutical industry is shown in panel (D). This system incorporates the large capacity robot slide delivery
module required to accommodate high throughput requirements.



incorporated. Servo-controlled slide selection and

delivery components are computer controlled. This

capability is incorporated into the system that is in-

tended for use in the field.

incorporated. Servo-controlled slide selection and

delivery components are computer controlled. This

capability is incorporated into the system that is in-

tended for use in the field.

The LAI comet assay system employs a specially

gated, cooled CCD camera that enhances the signal

during image acquisition by integrating multiple

acquisition frames. Comet images are automati-

cally corrected for background and are analyzed as

acquired. Non-target cells are automatically ex-

cluded from the analysis. An automated texture-

based algorithm is used to define the discontinuous

boundary of the comet tail.

Figure 12 illustrates the output of the LAI auto-

mated comet scoring system. Specific analysis

parameters include: moment, moment arm,

total-tail intensity, tail area, tail length, percent of

tail DNA. Head and tail profiles are overlaid on

each display. Group histograms of measured pa-

rameters are displayed and updated as the comets

are acquired. Group statistics are available immedi-

ately upon completion of group acquisition. Histo-

grams of group statistics are also continually

displayed.

Multi-Channel Automated Halo-Comet
Scoring System

The design guidelines adopted for the adaptation of

the current automated comet assay system to ac-

commodate military forward-fielding requirements

are: 1) incorporation of minimized micro-optics, 2)

incorporation of electronic zoom, 3) parallel cell

search and analysis, and 4) the provision of mul-

tiple cell analysis channels. These criteria were
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Fig. 12. Current comet assay system at LAI. Shown here is the computer display of the LAI Automated Comet Assay program displaying
a typical cell which has been automatically acquired and analyzed. The program searches and locates individual cells and automatically
separates the comet head and tail. Quantitative measures include tail area, tail length and tail moment. Group statistics are accumulated
as required.



incorporated into the design of the multi-channel

automated halo-comet system (fig. 13).

incorporated into the design of the multi-channel

automated halo-comet system (fig. 13).

The special features of this system include: 1) auto-

mated cell finding, 2) a new technique for image ac-

quisition based on low-light level range extension

to provide dynamic range extension, 3) a digital

method to produce a composite image from a series

of closely spaced images neighboring the plane of

best focus, and 4) parallel cell finding and analysis.

Throughput Estimation for the
Automated Halo-Comet Assay

Based on the parallel cell finding/analysis strategy

and multiple channel techniques, the following

throughput estimates were developed. Time esti-

mates for the multiplane image formation and scor-

ing were directly extrapolated from existing

program performance at AFRRI and LAI.

System throughput (Tp) is a direct function of the

cells scored per patient (Cp), the number of patients

(P) and the time to score a single cell (ts). This total-

time requirement is inversely proportional to the

number of parallel-analysis channels (C). This rela-

tionship is defined in the following equation:

T
C P t

C
p

p s=
x x

3600

The time to score a single cell (ts) was experimen-

tally determined at between 4 and 10 seconds. This

assumes that slide delivery and scoring are

performed in a parallel fashion.

Figure 14 presents the throughput in patients scored

per hour as a function of the number of channels for

500 patients at three levels of sample size (50, 100,
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Fig. 14. The effect of multiple scoring channels on the throughput
of the cytogenetic halo-comet assay. This graph shows the
performance of a multi-channel automated halo-comet assay
system. The curves are parametric to the number of cells scored
per patient and span the range required by triage and dose
assessment. High patient throughput is achieved by increasing
the number of analysis channels.
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Fig. 13. Halo comet field automated analysis system. This figure illustrates the design of a parallel
multi-channel system proposed for the halo-comet assay. Individual slides are presented to the optical
analysis channel by the robot slide delivery module. The fluorescent cell images are acquired with a
special gated, cooled CCD camera acquisition module that provides a 12-bit image capture capability
that is necessary to span the dynamic range of the cell images.



300 cells/patient). These sample sizes span the

range of requirements for both the triage and the

dose assessment modes of operation. In operational

settings, a mixed strategy combining the triage time

for the total-patient population with the scoring

time for a fraction of the patient population would

probably be used.

Table 6 compares the two levels (triage and dose as-

sessment) for three patient-population levels (50,

100, and 500 patients) as a function of the scoring

platform size as measured by the number of parallel

scoring channels. This table shows that a multiple

channel platform with parallel processes can auto-

matically score large patient populations in short

analysis times. The system works without human

intervention. Image data can also be saved for re-

view on a low-cost computer analysis station.

Conclusions

The proceeding analytical study was performed to

investigate the feasibility of fielding an echelon II

or echelon III halo-comet cytogenetic scoring sys-

tem. Under the assumptions detailed in the report,

and based on time to score comets and existing

hardware capabilities, we conclude that halo-comet

and apoptosis assays are viable candidates for a

single-use or multiple-use assay platform. Our pre-

vious research efforts have shown that a similar

conclusion can be drawn for cytogenetic assays

employing color-pigmented dicentric, sister-

chromated exchange (SCE), and centromere-

painted micronucleus assay. All of these assays have

relevance to radiation bioassay with the exception

of the SCE, which is related to chemical exposure.

In addition to their use in radiation biodosimetry,

these assays and their conversion to an automated

technique, can play important roles in general medi-

cal and clinical assays. Their adoption to general

hematologic requirements is relatively straight for-

ward and has been demonstrated in several semi-

automated versions.

An added advantage of the systems approach taken

here involving proven techniques of microscopic

cytogenetics is to provide the capability to do multi-

ple assays on the same hardware. At the same time,

the hardware complement used would be identical

for both forward-field and rear-support facilities.

Acknowledgments

This research was supported by the Armed Forces

Radiobiology Research Institute, Bethesda, MD,

under work unit AFRRI-95-3 and CRADA

AFRRI/LAI-95. This work was also supported by

the National Institutes of Health, National Cancer

Institute, Small Business Innovation Research Pro-

gram Grant No. 1R43 CA72266-01, entitled Auto-

mated Non-Fluorescent Chromosome Aberration

Scoring. The views expressed are those of the

authors; no endorsement by the Armed Forces

Radiobiology Institute or the U.S. Department of

Defense has been given or should be inferred.

D-20

Appendix D

Table 6. The effect of patient population size and CP on total time requirement.

Time to Score (hours)

Number  of
parallel channels

50 Patients

Triage                    Dose

100 Patients

Triage                     Dose

500 Patients

Triage                    Dose

2 1.7 10.4 3.5 20.8 17.4 104.2

4 0.9 5.2 1.7 10.4 8.7 52.1

6 0.6 3.5 1.2 6.9 5.8 34.7

8 0.4 2.6 0.9 5.2 4.3 26.0

10 0.3 2.1 0.7 4.2 3.5 20.8

Triage = 50 cells/patient     Dose Assessment = 300 cells/patient t s= 5 sec
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Introduction

The recent development of in vivo electron par-

amagnetic resonance (EPR) techniques, combined

with the fact that ionizing radiation generates rela-

tively stable unpaired electron species in hard tis-

sues, makes it feasible to carry out in vivo dosimetry

with EPR. Such measurements are possible under

conditions that will likely be present at forward de-

ployed medical stations.

The occurrence of long-lived radiation induced EPR

signals was demonstrated a number of years ago

[1]. In hard and/or dry tissues such as bone or teeth

these resonances were shown to provide accurate

dosimetry at doses as low as 80 rads, even with the

equipment available in 1968. It was suggested then

that with improvements in techniques and/or the use

of other materials, EPR could be used for dosimetry

of unplanned exposures from even lower doses of

ionizing radiation [2]. Subsequently, EPR technol-

ogy has developed considerably. In the last few years

in vivo EPR has been developed and applied success-

fully to a number of biomedical problems, leading to

the likelihood of increased use in human subjects [3].

In addition to direct measurements made in vivo,

a number of other approaches using EPR dosime-

try could provide sensitive and relatively easy

measurements of radiation exposure in the field.

These include the use of samples which can be re-

moved from subjects (e.g., nail clippings, hair and

articles of clothing) and analyzed in highly sensi-

tive instruments. Clothing could be made more sen-

sitive and specific by developing functional uniform

components, such as the development of buttons

from material with a sensitive and reproducible

EPR response to ionizing radiation.

The following sections describe in greater detail

EPR’s dosimetric potential to obtain useful data

under field conditions. It is assumed that under

these conditions the most pertinent information

would help commanders and medical personnel

differentiate between exposures which are 1) in-

significant, or 2) significant but unlikely to cause

acute symptoms, or 3) likely to result in signifi-

cant early symptomatology. While it is likely that

EPR dosimetry systems could be developed to

provide data that are much more precise than this

tripartite division for triage, the descriptions in

this paper are aimed at achieving quickly the in-

formation needed for decision making in the field.

It is further assumed that under battlefield condi-

tions, the initial premise will be that significant

exposures occur more or less uniformly through-

out the body; therefore, dosimetry from any one

point or from pooled samples from several sites

on the body are sufficient to provide the needed

information.

Sites (Samples) To Be Used

On the basis of existing information and results, the

most effective site for EPR dosimetric measure-

ments is the teeth. It has already been demonstrated

that this tissue has the most sensitive dose-response

relationship [2]. The radiation-induced EPR signal

in teeth has distinctive characteristics based on its

shape and power saturation. The use of teeth also

has the advantage of providing a site where good

geometry with a sensitive resonator can readily be

achieved for entirely non-invasive measurements

in vivo. It should be possible to place a specially de-

signed resonator around the teeth in vivo so that

maximum sensitivity is obtained by having the

“sample” in the region of highest sensitivity for the

resonator; alternatively, a surface type resonator

could be used. Because of the relatively low dielec-

tric loss in teeth, it may be possible to use higher fre-

quencies than are ordinarily used for in vivo EPR.

Although only preliminary results have been re-

ported to date, it seems possible that usable sensitiv-

ity could be obtained with the use of fingernail and

toenail cuttings. The advantage of these specimens

includes the capability to pool samples so that a

relatively large mass could be obtained, which

could then be measured with a high sensitivity EPR
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spectrometer (e.g., 9 GHz, X-band). Additionally, it

would be feasible to have an irradiation source

available in the field for calibration purposes.

The use of hair has considerations similar to those

for toenails and fingernails. In some ways it would

be even easier to obtain hair samples in relatively

large amounts. The potential disadvantages are the

presence of a background signal due to melanin [4]

and the potential for loss of signal if the hair is

washed [2]. However, it should be feasible to differ-

entiate the EPR signal from melanin on the basis of

its line shape and microwave power saturation char-

acteristics. These spectroscopic properties could

then be used to implement an automatic method to

calculate the signal from melanin and subtract it

from the total signal; this would allow the radiation-

induced signal from hair to be evaluated accurately.

The use of articles of clothing has advantages simi-

lar to those for hair and nails; i.e., these samples

could be studied using high sensitivity EPR spec-

trometers. Perhaps the most attractive aspect in-

volves designing functional articles of clothing such

as buttons to serve as emergency dosimeters for as-

say by EPR. Virtually all solid materials have

detectable radiation-induced EPR signals under

appropriate conditions. Sensitive and effective do-

simetry systems have already been developed based

on responses by the amino acid alanine. These sys-

tems are now capable of measuring doses well be-

low the requirements for decision-making under

field conditions. Although alanine based dosime-

ters are now widely used, it is clear from a spectro-

scopic point of view that alanine, because of its

complex and wide-line shape, is far from an ideal

EPR dosimeter. However, it should be relatively

straightforward to find plastic materials with better

suited radiation-induced stable EPR lines. Such

materials could be incorporated into uniform parts,

such as buttons.

Instrumental Aspects

Direct in vivo EPR usually requires the use of

EPR instruments which operate at lower frequen-

cies, such as 1 Ghz [3]. This is because large amounts

of materials, especially water, which non-resonantly

absorb the frequencies used for conventional EPR

spectroscopy (9 GHz), are present in tissues. While

in vivo EPR spectroscopy has been developing rap-

idly and is being used increasingly for many studies,

it does have significantly less sensitivity than EPR

spectroscopy which uses conventional higher fre-

quencies. Teeth, however, are an exception to the

general rule that tissues are composed of 70% to 90%

water; therefore, the sensitivity of EPR for studies of

teeth should be higher than for most tissues. Precise

data on these differences are not available presently

but could be readily obtained in days or weeks.

Such studies would then facilitate the decision as to

the appropriate instrumental conditions to use for

EPR dosimetry under field conditions. Key vari-

ables to consider are the amount of incident micro-

wave power that can be used effectively for studies

within the mouth, and the resulting signal to noise

ratio. These factors, in turn, would be affected by

the choice of frequency and the type of resonant

structure that is employed. The frequency and strength

of the modulation would be another important fac-

tor to optimize. In general, one would aim to use the

highest practical frequency to make measurements

with teeth under in vivo conditions. If it is deter-

mined that a frequency higher than 1 GHz would be

applicable for study of teeth in vivo, the principles

that already have been implemented for the con-

struction of in vivo EPR instruments at 1 GHz could

be utilized.

The implementation of a system to use in vivo EPR

to make measurements of radiation exposure under

field conditions seems relatively straightforward.

Although the following is based on our experience

in developing in vivo EPR at 1.2 GHz, the approach

is similar for most applicable frequencies. The en-

gineering of a system that could be operated in the

field for this special use should present no particular

difficulties. The construction of the microwave bridge

and control system can be designed for rugged use

and portability. The controls and output can be con-

figured, using a portable computer, so that an opera-

tor with minimal technical background can obtain an

unambiguous result in the form of a number that in-

dicates the extent of radiation exposure. The power

requirements for this part of the spectrometer are

modest.
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The strength and configuration of the magnetic

field would depend on the choice of spectrometer

operating frequency. If a lower frequency spec-

trometer is chosen, then either a large magnet in

which the subject would be positioned between the

magnetic poles could be used; or, a structure could

be developed in which a small magnetic field of ap-

propriate strength is generated at the site where the

measurements will be made. The latter configura-

tion would be the likely method of choice if a higher

frequency EPR spectrometer will be used; this

would keep the size of the instrument suitable for

field use. We recently carried out a detailed feasibil-

ity study for a fully portable instrument at 1 GHz,

using a magnet system into which the subject was

placed. We tested some of the critical components

and did not find any crucial limitations.

The choice of resonator is important, but could be

made from among those which have been devel-

oped and are already in use. The previously de-

scribed coupled circuit with a loop is the most likely

resonator configuration [3]. Such a resonator could

be constructed to allow the loop to be placed around

the tooth to be measured. This would provide the

best geometric condition for achieving an optimum

signal to noise ratio. Alternatively, a surface reso-

nator [5], which could be shaped to fit the contours

of teeth, could be used. There might be some advan-

tages in using a dielectric resonator [6]. The use of a

frequency of 1.1 GHz would be the simplest system

to implement quickly. To maximize sensitivity, se-

rious consideration should be given to systems that

operate at higher frequencies.

A conventional EPR instrument could be used on

samples that are removed from the subject (e.g.,

nail clippings, or articles of clothing). The sample

would be placed at an optimum position within a

fixed magnet system. Such an instrument also could

be developed for dual use, to measure in vitro ob-

jects of clothing, etc., which might have even more

readily detectable radiation-induced EPR signals

[2].

Any of the instruments described above could be

designed to be operated by minimally trained

personnel and could be used for screening large

numbers of people. At least initially under these

circumstances the results would be semi-

quantitative, and would be sufficient to provide

firm guidance for decision making in the field. Such

an instrument could be designed to indicate a ra-

diation dose within the precision needed for the

purpose.
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The recent development of a small and relatively

portable EPR analyzer with nearly the sensitivity of

a research instrument opens the possibility of bring-

ing EPR measurements to the field [1].

Electron Paramagnetic Resonance has long been

accepted as an accurate and reliable method for the

qualitative and quantitative determination of the ef-

fects of ionizing radiation. Work to date has been

performed on research instruments which, due to

their size and weight, are confined to a laboratory

environment. The EMS 104 EPR Analyzer (Fig.15.)

is small by comparison and requires neither cooling

water nor three-phase power, making it suitable for

field use. Development of a practical computerized

control system also provides quantitative measure-

ments with minimal operator training. Appropriate

software has been developed for assays using

several distinctly different dosimetry systems.

Electron Paramagnetic Resonance
(EPR)

Unpaired electrons are created by ionizing radia-

tion; and their presence can be used to measure the

radiation dose administered to a suitable sample.

Electron Paramagnetic Resonance is a form of

spectroscopy that observes unpaired electrons in

various substances by stimulating transitions be-

tween normally degenerate Zeeman energy levels

separated by the application of an external magnetic

field. The EPR Spectrometer consists of a magnet

system capable of producing the required field,

typically .35T, and suitable field sweep capability

to display the spectral region of interest. The sample

is placed in a microwave rf field whose frequency

corresponds to the separation in Zeeman levels

caused by the external field, typically 10 GHz. The

absorption of energy by the sample is then plot-

ted as a function of field. Computerization of the

instrument allows automatic acquisition of the

signal and computation of the applied dose. A

block diagram of the EMS 104 is shown in Fig.

16.

Alanine

Crystalline alanine when subjected to ionizing ra-

diation is converted predominantly to a stable par-

amagnetic species, CH3-C*H-COOH. The 5-line

EPR spectrum is well characterized and the ampli-

tude of the central line is proportional to applied

dose. Thus, the use of alanine pellets and films for

dosimetry in radiation processing provides the ease

and convenience of a long-lived, cumulative, re-

readable dosimeter that can be attached to products

or carried by personnel [2]. These dosimeters can be

packaged and labeled for easy identification and

read using automated equipment; doses are dis-

played directly in Gray by the instrument. Alanine
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Fig. 15. The EMS 104 EPR Analyzer requires neither cooling water nor
three-phase power—suitable for field use.



is currently well established as a transfer standard

dosimeter in the radiation processing community;

and an ASTM standard (E 1607) exists detailing

procedures and usage of alanine pellets.

The useful range of alanine pellets, typically 5mm

diameter x 5mm height, is from ca. 1 Gy to 105 Gy

using commercially available pellets. This range

can be extended to lower dose levels by increasing

the size of the sample and the measurement time; al-

though measurements below 0.1 Gy are difficult.

Alanine films are also commercially available.

Being flexible, they may be incorporated in or at-

tached to clothing or other sheet materials. How-

ever, with a lower mass, they have higher minimum

detectable dose levels.

Alanine dosimeters have been shown to be inde-

pendent of dose rate. They are suitable for beta,

x-ray, and gamma radiation, and have a minimal

temperature dependence and linear response up to

tens of kilograys with excellent polynomial fits at

higher doses. Readout for doses greater than a few

gray can be performed in seconds with high confi-

dence levels. A typical segment of the alanine-

derived radical spectrum (the central line of a five-

line spectrum) used for analysis is shown in Fig. 17;

and a typical calibration curve is shown in Fig. 18.

Spin Label Assays

The development of spin-label assays for radiation

dose using whole blood provides another possibil-

ity for field use of EPR. The preparation of a suit-

able sample requires only a few minutes; and the

sample can be read in seconds. Spin labels do not

have adverse problems associated with radio-

isotopes and can be stored indefinitely. Changes in

receptor-binding properties of human red blood
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analysis.
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cells have been studied at the membrane level using

spin labeled insulin. Preliminary studies made at

the Armed Forces Radiobiology Research Institute

(AFRRI) have shown a distinct and measurable dif-

ference in the number of binding sites measured be-

tween the unirradiated and irradiated cells. Further

work is needed to better characterize the effect and

determine dose vs. binding curves. However, this

method shows promise both as a means of deter-

mining levels of irradiation applied to blood used

for transfusion and blood drawn from accident

victims.

Tooth and Bone

The use of bone samples is also well established for

determining exposure to ionizing radiation and is an

established method in Europe where irradiation of

foodstuffs is prohibited in certain markets. The ma-

jor problem with bone measurements is the uncer-

tainty in determining the background, as well as the

wide variation in sample density [3]. EPR measure-

ments to determine dose in bone usually require the

exposure of the sample to additional radiation to es-

tablish a dose-response curve. Back-extrapolation

is then used to determine the initial dose. This is

easily accomplished in the laboratory but would be

unsuitable for a field measurement.

Since tooth enamel contains 95–98% hydroxyapa-

tite it is more suitable for field use in dosimetry

than bone; as enamel is more uniform and contains

fewer impurities. Considerable research has been

done in determining dose using EPR measure-

ments on extracted teeth. Ikeya and others have

done extensive work on the teeth of A-bomb survi-

vors and developed suitable dosimetry methods

[4].

Some developmental work has been done on EPR

measurements of unextracted incisors using port-

able magnets and a surface probe. The higher sensi-

tivity of the EMS 104 and its modular nature make it

adaptable to incorporating such a probe as an exten-

sion to the existing instrument. The use of the EMS

104 electronics in combination with an MRI mag-

net’s fringe field would considerably lessen the dif-

ficulties of bringing this technique forward, as in

the case of screening accident victims. The growing

availability of MRI systems in most populated areas

makes this a reasonable consideration. The experi-

mental problem is reduced from having to produce

the main external field to producing only the field

sweep and modulation; a task that is made consid-

erably less difficult by utilizing existing EMS 104

electronics.

In addition, work on shell buttons has shown sig-

nificant sensitivity in the concentration of CO2 to

ionizing radiation in the 0–10 Gy range. Spectra

similar to those obtained from fossil shells are ob-

tained; and results consistent with other dosimeters

are found. Distribution of buttons of suitable

inorganic or polymer materials would be innocu-

ous. These could be attached to clothing and read

following exposure with few problems. Determin-

ing background dose would cease to be a problem as

this could be determined for an entire batch before-

hand in the laboratory.

Bruker Instruments, Inc. has developed several

instruments for military field use, including the

MM-1, the first mil-spec fully mobile chemical

warfare agent mass spectrometer for military war-

fare agent detection, and is currently testing, under

a current government contract, a Bruker devel-

oped mass spectrometer with bio-agent detection

for use on a battlefield with chemical contami-

nants. As a result, the extension of these efforts to

produce a rugged, portable EPR spectrometer is

well within the capability and scope of the compa-

ny’s manufacturing facilities in the United States

and Europe. It remains to be seen if sufficient de-

mand for such an instrument exists to prompt further

development.

References

1. Maier D, Schmalbein D (1993) A dedicated

EPR analyzer for dosimetry. Int J Appl Radiat.

Isot. 44:345-350.

2. ASTM (1995) Standard practice for use of the

alanine-EPR dosimetry system. In Annual

book of ASTM standards, Section 12, Volume

12.02: E 1607-94.

D-26

Appendix D



D-27

Appendix D

3. McLaughlin WL (1993) ESR dosimetry. Pro-

ceedings of 10th International Conference on

Solid State Dosimetry. Radiat Prot Dosimetry

4. Ikeya M (1993) New applications of electron

spin resonance: dating, dosimetry and micros-

copy. World Scientific Publishing Co., River

Edge, NJ




